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LARGE CAPACITY, MULTICLASS CORE
ATM SWITCH ARCHITECTURE

Fhis application relates to US application Ser No
087929 820 whick is incorporated herein by reference

BACKGROUND OF THE INVENTION

1 Field of the lnvestion

The subject invention relates 1o Asynchronous Transfer
Mode (ATM) networks and, more specifically, 10 a large
capacity, multiclass core ATM switch capable of efficiently
serving requesls originated from various classes of sources,
such as those defined by the ATM Forum

2 Description of the Related Art

Historically, elephony networks and compuhng networks
have been developed in diverging directions To ensure
effective real Lime communication, telephory TDM net-
works establish a channel which is maintained for the
duration of the call. On the cther hand, since most dala
transferred on computer networks is not real time data,
packet switching roules the packets without establishisg a
changel Onc problem with the TDM netwoerks is that a
source may sit idle, unnecessarily occupying an established
channel One problem with packet switching is that it
requires high protocol overhead and is, therefore, not suit-
able for real time communication.

Asynchronous Iransfer Mode (ATM) technology has
emerged as the key technology for future communication
swilching and trapsmission infrastructures. For an informa-
tive collection of notes on ATM Networks, the reader is
referred 10: f ecture Noves in Computer Science, Broadband
Nepwork Teletraffic, Yames Roberts, Ugo Moccl and Jorma
Virtamo (Eds )}, vel 1155, Springer 1991, ISBN 3-540-
61815-5. The main strength of ATM network lies in ils
potential for supporting applications with widely different
traffic characteristics and quality-of-service {QoS) require-
ments. The goal of ATM networks is to combine and harness
the advantages of TDM npetworks and packet switching,
while ridding of the respective disadvantages of these net-
works. Thus, ATM switching will be able to provide a single
network which replaces the TDM and packet switching
petworks.

Ihe ATM Forum has established various guidelines for
ATM design, which can be found in 1be various publications
of the ATM Forum. However, for the reader’s convenience,
cerlain relevanl guidelines and acrovyms are described
bereinbelow

Currently, the ATM Forum has established four maip
classes of traffic, generally divided into real time traffic and
non-rea} time traffic. Constant Bit Rate {CBR) is used for
real time traffic, i ¢ , mainly for audio. Admission of a CBR
call request can be determined by the requested peak rate
Variable Bit Rate {(VBR) can be used for video transmission;
bowever, since it is very bursty, admission of 2 VBR cail
request needs 10 account for peak rate, sustainable zate, and
burst size . Even upor admilttance, it is desirable to condition
the lrapsmission from such a source, such as by using leaky
buckets. CBR and VBR are real time traffic classes.

Available Bit Rate (ABR) znd Unspecified Bit Rate
(UBR) are non-real time iraffic, and are mainly vsea for
computer communicalion. Copventionally, ABR traffic is
controlled nsing a closed-loop feedback, which accounts for
about 3% overbead. Generally, the source generates
Resource Management Celis (RM cells) which propagate
through the network As each RM celi passes throngh a
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swilch, it is vpdated to indicate the supportable rate, i ¢ | the
rate the sowrce should transmil the data (generally called
explicit rate}. These RM cells arc fed back to the source so
thal Lhe source may adjust its transmission rate accordingly
It should be appreciated thal such z feedback system has
substantial delay and, therefore . cannol be used for real ime
trathe

Depending on the class of the wransmission, the sowrec
would request the appropriate Quality of Senice ((oS)
Generally, QoS is determined with reference 1o transmission
delay, cell loss probability, and celf loss delay vanations As
noled above, evem when a call is admiited, the source’s
transmission may be regulated, for example, by controlling
the peak rate using leaky buckets Therefore, in the connec-
lion set-up, the sonrce would negotiate for the appropriate
Usage Parameter Control {UPC) values, and indicate the
QoS desired. Then the Connection Admittance Comnirel
(CAC) would determine whether the network can support
the calt

The source would also indicate a destination addiess.
Using the destination address, the ATM network would
establish a Virinal Channel (V) and provide the source with
the appropriate VC indicator The source would then insert
the VC indjcator in each transmitted cell The charnel would
remain constant for the duration of the call. ie . all cells of
the call wonld be routed via the same channel However, it
is termed a vinual chaome! since it may be shared with oiher
sources, 1 ¢, there is nG one-1g-one correspondence beiween
a channel and a source

Generally, the admitied calls would be associated with
certain buffers in the ATM switch, and a scheduling algo-
rithm would determine which buffer, ie , which call, is o be
served at any given time The scheduling shouid preferably
account for the QoS guaranteed during the c¢zll admmitlance,
and ensure fair sharing of the notwork resounsces It has also
beer advocated that the algorithm be work conserving, je |
that it should not idle if cells are present in a buffer

A vanely of swilch architectuzes have been proposed for
ATM networks. A swilch may cousist of a single stage or
multiple stages of smaller single stage switches Swilches
can be generally classified according 1o the location of the
cell .buffers, ie, nput buffered or output buffered. It is
well-known that output-buffesing achieves optimam
tbroughput (see, e g, M. J Xarol, M. G Hluchyj, and S. P
Morgan, Input vs. Quiput Queueing on a Space-Division
Packet Switch, IEEE Trans Comm , Vol 35, pp. 1347-1356,
December 1987) However, an output-buffered architecture
requires the output buffers to operate at an access speed of
N times the line 1ate, where N is the number of input ports
The factor of N speedup can be reduced to L=8 by using ihe
so-called “knockount principle” (see, Y S. Yeh, M. G
Hhichy;, and A. S. Acampora, The Knockour Swith A
Simple, Modular Architecture for High-Performanc e Packer
Switching, 1EEE J. Sefect. Areas Comm., Vol 5, pp.
1274-1283, October 1987). However., unwanted cell loss
may occur when the switch is stressed with ponuniform
traffic patterns. Shared memory switches also require buffers
with N times speed-up

Input-buffered switches do ot require any speed-up, bui
suffci lower throughput due 1o head-of-line blocking. That
is, a cell at the head of the input buffer quene blocks al other
cellsin the buffer until the destination output line is ready to
accept the head-of-line cell However, it may be the case that
other destination outpul fines ars ready 1o accept other cells
which are blocked by the head-of-line cell This may lead to
inefficient use of the bandwidih and cause unnecessary
delays.
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Current ATM switches have relatively simple scheduling
and buffer management mechamsms with limiled supporl
for QoS On the other hand, as ATM 1echnelogy proliferates
i the wide area network {WAN) carrier market, more
sophisticated switches are needed in the WAN core which
can handle much larger volumes of wraffic from a more
diverse set of apphlications The next generaton WAN core
swilches wili have large capacities and the ability to provide
QoS support for muluple classes of traffic Therefore, there

is a need for a swich capable of supporting such diverse -

iraffic
SUMMARY OF THE INVENTION

The present invention provides a larpe capacity ATM
swilch which supports muliple traffic classes and quality-
of-service (QoS) guarapiees The switch supporis both real-
time traffic classes with sirict QoS requirements. e g . CBR
and VBR, and non-real-time traffic classes with less strin-
gent requirements, ¢ g, ABR and UBR The architecture can
also accommodate real-time and nor-real-lime mullicast
flows in an cfficient manner The switch is based on an
input-outpul buffered architecture with a high-speed core
switch module which interconnects input/oulput modules
with large buffers Controlicd class-based access is provided
i the core switch module through intelligent scheduling and
queve management mechanisms

The switch would preferably be vtilized in conjunciion
with a new scheduling method, dynamic rate control {DRC),
imvented by the present inventors and described 1 the
related U.S. palent application Ser. No. 08/924,820 The
inventive DRC controls inlernal congestion and achieves
fair throughput performance among competing flows at
swilch bottlenecks. This is achieved via closed-loop control
using a proportional-demvative (P} controller at each
bottleneck. The DRC scheme guarantees each flow a mini-
nm Sservice rate phis a dynamic rate component which
distributes any unused bapdwidih in a fair mapver. This
forms the basis for an integrated scheme which can provide
QoS for different traffic classes

In the large swilch, the DRC scheduling mechanism
operates in conjunction with intelligent quene management
mechanisms. The DRC scheduler detects congestion at
botileneck points in the switch and alleviates the congestion
in a controlled manner by moving cell queueing 1owards the
mput side of the swiich, where cell discard mechanisms such
as early packel discard (EPD) and partial packet discard
(PPD) may be applied to individual class gqueues Also, cells
tagged as fow priority, i € , with the cell loss priority (CLP)
bit set 10 one, are dropped when a quene exceeds a threshold.
With DRC, the cell discard mechanisms operate more
effectively, since cells are dropped in a conirelled manner
according to the level of swich congestion

The inventive large capacity switch described herem
repiesents a sigeificant advance over current swilches both
in aggregale throughpul and m suppert for multiple QoS
classes The design has the flexibility and scalability to meet
the needs of present and future high performance ATM
networks

BRIFF DESCRIPTION OF THE DRAWINGS

T1G 1 s a dhagram depicting the architecture of the core
switch module accerding 1o the preferred embodiment of the
present invention

¥1G. 2a, depicts the structure of the input and oulput
modules configured for a per ve queuing according lo the
preferred embodiment of the present invention
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FIG 2b, depicts the strecture of the ipput and output
modules configured for a per class ouipul port queing
accordiag to the preferred exnbodiment of the present inven-
tiom

FI1G. 2¢ depicts the structure of the mput and outpui
modules configured for a per class-outpul line gqueing
according to 1he preferred embodiment of the present inven-
nen

FIG 3 depicts in more details the structure of the ipput
and cutpul modules according to the preferred embodiment
of the present tnvention

F1G. 4 exemplifies a scheduler with minimum rate shap-
mg

FIG. 5 exemphifies a scheduler implementing the inven-
tive DRC scheduling

FIG. 6 depicts a close-loop rate control

F1G 7 is a flow diagram of the algorithm for scheduling
ceils according lo timestamps

FI1G. 8 is 2 flow diagram of the algoritbm for rescheduling
of cells according to tymestamps

FIG. 9 is a flow diagram for serving cells from virtual
queues.

FIG 10is a block diagram of a scheduler according 10 the
preferred embodiment of ihe preseat invention.

FIG. 11 is a flow chart for the algorithm for rale conpu-
tation for DRC scheduling

FIG. 12 is a fiow chast for explicit rate computation for
ABR.

T}G. 13 is a flow chari of the IRR filier for ABR

FIG 14 is a flow chart for the high gain filter for ABR.

FIG 15 is a flow chart of a low gain filter for ABR.

FIG. 16 exempifies two cell stream fHows loading an
output port of the core swilch

FIG 17 is a graph of the data collected for a simulation
performed with the model of FIG 16, depicting the conver-
gence of DRC rates for CBR flow and UBR flow

FIG. 18 exemplifies three cell siream Hows loading two
output ports of the core switch

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

1. General Structure

In its preferred embodiment, the inveuntive large capacity
switch is a single slage switch which may be used as a
switching element in a still larger capacily multistage
switch The inventive large capacily switch may be classi-
fied as an input-ouiput buffered switch (¢f. R Fan, H.
Suzuki, X Yamada, and N. Matsuura, Expendable ATOM
Switch Architecture (XATOM) for ATM LANs, 1n Proc. ICC
‘94, pp. 99-103, May 1994). The goal of input-output
puffered architecture is to combine 1he strengths of input and
catput buffers

In the preferred embodiment, the outpul buffers are smali,
fast buffers which are pert of the core switch module Cell
queneing occurs primarily at the input modules, in which the
buffers operate at the liae speed. Head-of-line blocking is
avoided by queucing cells in the ipput toodule according to
destination output pont or according to destination output
line. This aschitecture achieves the throughput of output-
puffered architectures, without incurring the expense of fast,
large cutput buffers. Moreoves, buitering at the input poils
15 meore efficient than output buffering For the same celil loss
performance, fewer buffers overall are needed when cells are
gueued ai the input ports rather than at the output ports.

l
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‘The backbone of the inventive large multiclass switch 15
a new high-speed core switch elemem which provides fast,
simple, classless, and loss-free swilching. Controlled access
o the core swiltch module is provided through intelligent
scheduling mechanisms al the inpul medules (IM) The input
modules may be arranged 10 allow a per class queuing or a
per virtual channel queuing

An overall view of the preferred embodiment of the farge
switch is 1llusirated in FIG 1 The core switch module, 10,
in the iflustraled embodiment, consists of 16 inpul ports, P13
to IP16, 16 unicast output ports OP1 lo OF16, and one
multicast output port MOP, all connecied to a high-speed
TDM bus 20 In the exemplary embodimest, the input and
output ports of the core module operate at the rate of 2.4
Gbps and the TDM bus operates at the rate of 40 Gbps In
one cell time, the core swilch module can switch (a1 most)
one vell from each input port to any of tbe output ports.

An iaput module (IMi) is attached to each ipput port 1Pt
of the cote module. The culputl line capacity of the input
modules IMJ is 2.4 Gbps. The inpul side of the input module
IMi is coupled to input Hres IL11-JL161 which may be
cenfigured in one of three ways: 1) one 2 4 Gbps line; 2) four
622 Mbps lines; 3) sixteen 155 Mbyps lines. In all cases of the
exemplary embodiment, the aggregale input line capacity to
the input module IMi is 2 4 Gbps Notably, the input lines
1L1i-1L16i can carry transmission of sources classified in
different classes wilh different QoS reguirements.

The input modules can be amranged according 1o per
virtual chamne} (VC) queving (FIG. 24), per class queuing
according to oulput port (F1G. 2b), and per class gueuing
according to output line {(FIG. 2¢). Per VC quening provides
the best lhroughput, bat requires a large number of buffers
in each jnput module Therefore, while per VC gueuing is
preferable from the design stapd point, il may not be
preferable from the implementation stand point

As shown in F1G. 2b, in a per class quening according to
output portl, each input module IMi comprises a number of
layers/planes L OP1-1 OP16 correspending to the number of
output modules, ie, In the exemplary embodiment 16
layess. Each layer includes several buffers IB1-1Bk corre-
sponding 1o the number, k, of classes scught to be supported
Each input buffer IBi is guaranteed a service rate Ril-Rik
Thus, an incoming cell is routed io the proper layer corre-
sponding to the cuiput pori destmation, and to the appro-
priate input buffer within the layer depending upon its class.
The DRC rate feedback is provided from the output medule
and corresponds 10 the load on the cuiput poris.

As shown in FIG. 2¢, two seis of layers/planes are
pravided in the input module when e switch 1s arranged for
a per class quening according o outpui lines. First, the
output module is divided info cutput port planes OP1-OP16
corresponding {0 1he ouiput ports Then, each output port
plane is divided into output line planes OL1-OLk corre-
sponding to the output lines. Finally, each cutpul line plane
includes a plurality of buffers corresponding to the classes
In this case, two DRC rate feedbacks are provided, one
indicaling the lIoad on the output perts and one indicating the
load on the oniput lines

Similarly, an cutput module {OM1) is attached to each
unicasl output poit OPi The ouipui side of an OM may
consist of one, four, of sixteen output lines with an aggregate
outpui line capacity ot 24 Gbps. The outpt module is
divided ipto output planes corresponding 1o the output lines
Each output plane inctudes a plurality of buffers correspond-
ing to the supportable classes.

Each output port (OFD) of the core switch module 18 is
associated with two small output buffers, one, RT1. desig-
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naled for real-time trzffic and the other, NRTi, designated for
non-real-time iraffic In the preferred embodiment, each
ouiput buffer, RT1 or NRTi, can store on the order of two
hundred cclls At the outpui of each unicast oulput port, the
owlpul Hnes for the non-resl-time and real-time buffers are
combined with the corresponding output lines of the mult-
cast oulpul port During cack cell time, (a1 most) one cell is
transmitled from the output of 2 upicast output port O o
its corresponding output module OMi With reference to
FIG. 1, the order of priosity is as follows. 1) multicast
real-time wraffic; 2) unicast real-time traffic; 3) multicast
non-real-lime traffic; 4) wpicast aon-real-time traffic

While the core switch medule provides the basic hard-
ware 10 perform vnicast and muliicast swilching, n the
preferred embodiment most of the intelligence of the switch
resides in the npul modules (IMi} and output modales
(OMi) FPach input/output module is equipped with a
scheduler, a quene manager, and 2 large buffer space Tight
coupling between the connection admission controller and
the inpui/outpul modules ensvres that each quene flow meelts
its quality-of-service requiremenis

The IM is responsible for ATM cell header translation and
buffering of incoming cells in quenes organized by VC (FIG
2a) class 2nd destination core switch output port (OPi) (F1G
2b}, or class and destination output line (FIG. 2¢). The term
quene flow is used 1o represent the aggregate traffic of all
connections corresponding to a given queue The queues are
generic, with programmable QoS 1hat can be flexibly
assigned to any traffic class by the conpection admission
controller (CAC) (see FIG. 3). The class queues are further
classified as real-time or non-real-time Puring each cel
Lime, 2 scheduler i the input module IMi selects one (if 20y)
of the queues. From the selected queue, the head-of-line celi
is transmitled over the TDM bus io the destination ouiput
port OP1. The gueue manager allocaies cell buffers to quenes
and discards cells when buffer thresholds are exceeded Cell
gueving in the ioput medule IM:i is designed to aveid
congestion at an outpul port in the core swilch module
Congeslicn may oecur when the sum of the queue fiow from
different input modules {Mi exceeds the capacity C at an
ouiput port OPt Under such circumstances, the output port
OF becomes a botileneck poini

The architecture of the ouipui medule is similar o that of
the input module Each output module operates as an iatel-
ligent dempultiplexer, basically independent of the rest of the
switch. In the cutpmt module, OMi, cells are guened accord.
ing 10 class and destination output line Cell queuwing in the
output module OM:i resulls from congestion at an output kine
OLi attached to the output module OMi; i, the sum of
queue flows to the outpul line may exceed its capacity Thus,
the output line, OLi, is anoiher potential bottleneck point for
a quene flow in the switch due to rate mismatch Internal
switch congestion ai the ouipm port OPi and output line OLi
bottleneck poists is controlled by means of inlelligent sched-
uling apd queve management within the input/outpul mod-
ules.

F1G 3 exemplifies with more spectficity the arrangement
of the input and output modules. The inpul module 30 is
depicted as 16 planes corresponding to 16 output poris
OP1-OP1&. Each of the planes has a pluraiity (only four
shown, but many more may be present) ¢f *dertizal buffers
32. These buffers can be programmed by the CAC 33 1o
correspond to various clagses having respective QoS
requirements In the exemplified ipput module 39, the four
buffers are assigned to CBR, VBR, ABR and UBR, respec-
tively. The CAC 33 also provides the time stamps for the
cells in the buffers.
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The core swilch module 34 inchides the TDM bus 35
which is connected to a plurality of buffered output perts 1
In the example depicled, each output port has two buffers:
real time buffer Rt and non-real time buffer Nrt. The output
buffers are conpected 1o the oulput modules Each output
maedule is divided mfo planes OL1-OLk, corresponding to
the output lines These cutput planes are also provided with
a plurality of programmable buffers apd a scheduler
2 Muhicasting

A feature of the inventive switch is its ability of efficiently
suppoert mullicasting alongside unicasting A woicast con-
nection wilhin the switch originaics at an ioput hpe to ap
inpul module JMi znd ferminates al an output Hpe at an
output module OMi A multicast connection originates at an
mpul medule IMi and may have mnultiple output line desti-
nations belonging to one or more output modules OMi. The
core swilch module provides the capability for supporting
multicasting among muliiple cutput modules OMi1 A cell
which 1s to be suhicast to two or more oulpul modeles OMi
is transmitted from an input module IMi to the mulicast
output port MOP The multicast cells are distinguisbed as
either real-1ime and non-realtime and 2 single copy of the
cell is stored in the corresponding buffer in the multicast
output port MOP Duplicatien of the celf occurs at the output
of the multicast output port MOP, just pror to transmission
te the outpui modules OMi

As shown i FIG 1, real-time mulijcast traffic has the
highest pricrily at the input 10 sach ovipul module OM: (In
FIG 1, output priority is depicted using the order of the
arrows poinling 1o the verlical line which desigpates the
inpui to the output module The top-most arrow designating
the highest prionty} Fn a given cell time, if there is a
mufticast cell at the head of the multicast output port
real-time buffer, the cell will be duplicaled and transenitied
to 1he output modules OMi which are involved in the
mudticast Note that no duplication of multicast cells occurs
over the TDM bus of the core switch module

Real-time multicasi traffic does not suffer any blocking
because i1 has the highest priority On the other bhand,
non-real-time multicast (raffic has lower priority than real-
time multicast and real-lime unicast In a given cell time, 2
non-real-time multicast celf at an output port OPi will be
blocked if there 1s gither a real-lime multicas! cell at the OPi
or a unicasi real-ime cell 1n any of the umecast OPis
pertaining to the mullicast
3 Feedback Control

Feedback control is utilized to ensure efficient operalion
of the switch . Since the outpul port buffers in the core swilch
module are small, they can quickly overflow. Therefore, two
basic feedback mechanisms are used to regulate such over-
flow The feedback mechasnisms are:

1 Aclosed-loop feedback contro] that maiches the bottle-
neck rate and keeps utihization high while keeping the
quenes small at the oulput port buffers

2 A threshold-based rale feedback mechamism that is
activaled whes the oulput port buffers of the core
switch module have the potential to overflow in spite of
the first contrcl mechanism

The first control is achieved by dynamic rate contro] {DRC)
scheduling in the input modules The second control 25 buil
ioto ihe core switch module and is regarded as a safely
mechanism to guickly control short-tesas congestion at the
output port OPi botileneck. The core switch module pro-
vides a feedback path for broadeasting state mnformation of
ap outpul port OPi 1o all input modules IMi during each cell
time . The time for the feedback signal to propagate from an
output port to the input modules is a technology-dependent
quantity which is denoted herein by T, (cell times)
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In the preferred embodiment, the scheduler would dis-
tribute apy wnused bandwidth to the input modules
Consequently, the actal transmission rate {rom the input
modules may surpass the guaraniced minimum rate
However, under certain circumstances, using all the avail-
able bandwidih may cause congestion al certaln outpul
poris. Therefore, in the prelerred embodiment feedback
sigmals are used to alleviate any such congestion

Preferably, there are three thresholds on the ouiput porl
buffers which generate control feedback signals: 13 stop RT,
2} shape RT, and 3} stop NRT (see, FIG 1). The siop RT
threshold indicaior is set to one when the real-time buffer fill
is preater than or equal to the threshold vale Th,,.;
otherwise, stop RT is zero Similarly, stop NRF=1 if 1he
non-real-time queue fill is greater than of equal 1o Th,,
The stop threshold value Th,,_is chosen as the Jargest valug
such that no buffer overflow occurs under the worst-case
assumption that 2]l IMs transmit cells to the same outpul port
il the stop signal reaches the input modules. The shape
RT indicalor is set 1o one when the real-time bufier is greater
than or equal to 1he threshoid valae Th,,, <Th . Table 1
shows bow the control signals for an cutput pori erc encoded
in two bils, B, B, and the action io be laken by the input
modules

TABLE 1

Feedback Conlral Signals.

Threshold indicator Control Bits __Action Izkea

shape Rt stop RT  stop NRY B, By Inpul Modules

Q a 2 0 0 Send RT, Stop NRT
0 0 1 0 1 Send RI, Slop NRT
1 o ] 1 0  Shape RT Send

1 1 1 b 1 NRYT

Stop RE, Stop NRT

1f stop RT indica:or is sel to one, the appropriate feedback
signal will be activated After =, cell times, the signal will
reach all input modules and each input module will throttle
the flow of cells (both real-time and non-real-time) 1o the
corresponding outpet port. The siop NRT indicater functions
in an analogous way for non-real-time traffic By means of
feedback signals, cell loss at the output port is prevented
Note that the stop signal resulls in input gueueing in the
input module. Without the stop signal, cells cannot quene in
the input medules; rather, cell Ioss would occur whenever
the output pont overflows.

The shape RT indicater provides a means of controiling
congestion for real-1ime traffic based on pre-assigned mini-
mam guaranteed rates for queue flows When a shape R1
signal is received at an input module IMi from z given
outpat port OPj, all real-time quene flows corresponding o
the output port OFj are shaped 1o their minimum guarasnteed
rafes. That is, the real time queves scheduled at their
mimimusm rate irespective of the amoumt of unused band-
widih available for distdbution This action prevents the
real-time queue fill in the output port OFj from growing
further, whiie ensuring the guaranteed mimmum throughput
for the real-time queve flows Thus, a real-lime quene flow
is served at a rate greater than the minimum guaranteed raie
when there is no congestion. and 2t a rate equal to the
mimm guarapteed rate when there is congestion. As will
be discussed further below, the DRC scheduler ensures that
stop signals for real-time queues flows are activated with
only low probability.

e g i et s e
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3 Traffic Classes and Quality-of-Service Support
3 1 Real-time Trafhc

Realtime trathc such as CBR a2nd VBR have sirict
requirements on cell delay cell loss, and celi delay variation
(CDV). In conjunction with a connection admission control
(CAC) algorithm, the Jarge switch architecture can provide
QoS guaraniees. The CAC developed in G. Ramamurthy
and Q Ren, Multi-Class Connection Admission Control
Policy for High Speed ATM Switches, in proc IEEE INFO-

COM 57 {Kobe, Japau} Apnl 1997, and incorporated herein

by reference, may be nsed in the ventive switch. This CAC
computes the bandwidth required by a real-time queve flow
10 satisfy the QoS requiremenis of all connections within the
flow Thus, the CAC takes into account stalistical multiplex-
ing of connections within a given queuc flow (stalistical
muitiplexing takes into account that the bandwidth required
for a collection of sireams 1§ Jess than the sum of the
individual bandwidihs required for each siream) The
reguired bandwidth is computed based on the UPC values
for each connection and a nominal pre-assignment of buffers
1o 1he flow. However, it should be noted that 1 the prior art
the calenlated mipirum rale is used only for CAC purposes
and is not sent 1o the scheduoler

The DRC scheduling mechanism ensnres that each quene
flow receives its minimum guaranteed rate and hence the
(Q0S is guaranteed for all conneclions within the flow The
mimmum rate is guaranteed on a shorl ime-scale because
real-time traffic has strict prierity over non-real-time traffic
in the core switch element, and shape feedback mechanism
from the output poris ensuses that queue Aows receive their
mimmum guaranteed rates even under congestion condi-
tions. That is, under congestion cornditions the shape feed-
back mechanism halts disiribution of any unused bandwidth,
thereby reducing the rates to the minimum guaranteed rates
to alleviate lhe congestion while ensvring the mininum
guaranteed rate Furtber, queues forced to operate at mini-
murm rate {(in shape mode) bave their priority bil set when
they become eligible for service
32 Non-real-lime Traffic

The two main Iraffic classes targeied as pon-real-ime are
ABR and UBR. These classes gencraily do not have strict
QoS reguirements, but they may have mimimum throughput
requirersents. The minimum rate for a non-real-time gueue
flow is just the sum of the minimum (hroughput over all
connections within the flow The large switch scheduler is
able to guarantec the mimmumm rate for each non-real-time
flow via DRC scheduling. Any unused bandwidth at a switch
boltleneck is distributed among competing queuve fows
{both real-time and nop-real-lime). The distribution of
vnused bandwidth depends on the weights «, assigned 1o the
different traffic classes Preferably. these rales are assigned
dynamically.

UBR sources are not raie-coptrofled and can cavse loss of
throughput in conventional switch architectures With
dynamic rate control, UBR queuves receive their minimum
rates plus a fair share of the unused bandwidth. ABR sources
are rate-controlled via a closed-loop feedback mechanism.
Al the switch, an explicit rate (ER) value is computed at each
bottleneck peint in the connection flow lir the large switch
architecture, an ABR ER value is computed at the output
porsts boitleneck and al the outpul line boitleneck in Lhe
output modules Various melhods may be used to compute
the ER; however, in the preferred embodiment the ABR ER
values are compputed in a similar manner 10 the computation
of the DRC rates
4 Dynamic Rate Control

Prynasmic rate control (DRC) is the mechanism for celi
scheduling used in the large capacity switch. For a full
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understanding of DRC, reference should be made lo the
related US appin Ser No. 08/924,820, however, for the
reader’s convenience a summary of DRC basic principles, as
applhed to the invenlive switch, is provided hereinbelow
The reader may also wish 1o review A. Kolarov and G.
Ramamurthy, Design of a Closed Leop Feed Back Control
for ABR Service, in proc. 1EEE INFOCOM 97 (Kabe,
Japan) April 1997, which describes a feedback control for
ABR service as applied (0 an ATM network. It shonld be
kept in mind, however, that in the following description the
fecdback is applied over the ATM swilch

The basic principle is that each class quene is treated like
a virmal source whose service rate is dynamically adjusted
to reflect the unused bapdwidih available at a boitleneck
point in the switch Specifically, each class is serviced at its
guaranteed mimimum rate plus a dynamically adjusted fair
share of any available unused bandwidth Scheduling con-
sists of computing the queue service rate and implementing
the rate shaping function for all quedes An important feature
of this approach 1o scheduling s that all queues are reduced
1o a generic set of queues, and the QoS percetved by the
¢lass is determined by the bandwidth gvaranteed for the
class. The generic gueues are assigned to classes by the
CAC.
41 Guarantced Mimmum Rate

In order to provide QoS for a given connection at a switch,
there must be a mapping between the traffic characteristics
and the bandwidih resources at a swilch For a given
conneclion i, the traffic specification may comprise a set of
QoS requirements in lerms of cell loss probability, delay,
and/or delay jitter Rather than implementing an algorithm
which account for all of the specified requirements, it is
simpler io map the requisements into a single variable whick
would accounts for all 1he sequirements. In the preferred
embodiment of BRC, the requireients are mapped onto a
bandwidth or rate, M,, such that if connection i receives the
Tate M,, then its QoS requirements will be met Preferably,
M, would be provided by 1he Connection Adrnission Control
(CAC) algorithm The rate M, shoutd be approximated to a
sufficient degree of accuracy se as to ncorporate all the QoS
requirements

Once M, is determined, the scheduler ensures that con-
nection i receives ils minimum sate. This in furn ensures that
connection i will be guaranteed its QoS Thus, the scheduler
is simplified by having to account for only a single variable.

Consider a concentration point in the network where N
cosneclions are multiplexed onlo a link of capacity C
Clearly, we musi have

Using a simpte First-In First-Out {FIF3) scheduler provides
no way of guaranteeing thal each conmection gets its
assigned shate, M,, of the bandwidth. For example, a given
connection may transmil at a rate higher thaa iis assigned
share M,, and thercby take away bandwidih from another
CORNCCiion

A simple way to ensure that no connection uses more
bandwidih than its assigned share is to limit the peak rate of
each conneciic:: i i M, This can be done, for example, by
shaping the peak rate of each connection fo its assigned
zinimum rate using known methods, such as leaky buckeis
FIG 4 shows N queues with each quene 1 shaped 1o a
respeclive rate M, i=1, , N. The shaped traffic streams
are then multiplexed and served in FIFO order at a rate equal
to or below the downstream buffer’s rate C
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Peak rate enforcement ensures thal minimum rale guar-
antees are salisfied for all connections. Under 1his schedul-
ng disaaphine. however. conneciion 1 €an never use mMore
bandwidth than its assigned M,, even when bandwidih is
available For example, if comnection 1 is the only aclive
conneclion sharing the ink bandwidih C, it will be limited
to using bandwidih M, even though the entire Jink capacity
15 available Moreover, if the minimum raic M, is com-
puted assuming thal statistical multiplexing takes place, the
(oS of connection i Js guaranteed assuming sharing of the
overall bandwidih since the link capacity may be exceeded
with small probability This type of sharing cannet occur if
the commection peak rates are Himited 1o the values M; The
assigned bandwidih M, computed under the assumption of
statistical mulliplexing gain, may be insufficient to guaran-
tee QoS when no statistical multiplexing fakes place

The rate control mechanism employed in the slatic rate-
based schedulers may be termed open-loop. A conseqguence
of this is that the scheduler is non-work conserving; e, a
cell time on the cutpul ink may is be idle even when there
may be cells to serve In the system. Thus, i1 is possible that
available bandwidih can be wasted in these scheduling
disciplines The DRC scheduler remedies this probiem via a
closed-loop control mechanism

The basic principle of the DRC scheduler is illusirated in
FIG 5. As before, each traffic stream is peak-rate shaped
hefore entering a common FIFO gueue served a1 the Hink rate
C However, 1he shaping rates R, are dynarpically computed
to reflect the amount of bandwidilh available on the link
Specifically, connection 1 is peak-rate shaped 1o R, where

R=MawE.

and E is the estimated upused bandwidth at the bottleneck
point (also referred to herein as the excess rate or excess
bandwidth), and w, =0 is an optional weighting facter which
may be assigned statically or dynamically. Since, EZ0, we
have R, M,. Thus, connection i is guaranteed the minimum
rate M,, but may transmit at a higher rate when unused
bandwidih is available. Conversely, during congestion the
scheduler may drive E to zero, thereby serving the queue
only at their guaraniced minimum rate wmiil congestion is
relieved
42 Closed-loop Rate Control

FIG 6 depicis a closed-loop rate control sysiem which
detects the available bandwidth to be distributed among
conpections in the DRC scheduler. Assume that time is
discretized into intervals of length T. Let X(n) denote the
rumber of cells generated by conpection 1 in the nth time
intervai The quantity Q(n) represents the number of cells in
the second-stage buffer. In the first stage, each connection
stream is shaped according to the rale

R{m)=min(M+w E(n). C}

The controller computes E{n} such that Qfn} is kept close 1o
the target queue threshold Q, In equilibrivm, the aggregale
fiow rate to the second slage should match the link capacity
(provided there is sufficient source flow)

Formulated in this way, the compulation of E(n) becomes
a control problem. This somewhat resembles the problem of
compuling an explicit rate (ER) for ABR service, as dis-
¢losed in the above noted ABR paper by Kolarov and
Ramamunthy However, the implementation of the ER
within the switch is simplified. For the purpeses of the ERC
scheduler, a single eontroller is sufficient Since lhe rate
control occurs locally within the switch, the feedback delay
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(sce F1G 6} is small relative to the sampling interval T This
delay is negligible . in contrast to fiow control in ABR, where
feedback delays must be takep into account Thus, while the
conirol disclosed in the Kolarov and Ramamurihy paper casn
be implemented onhy for non-real-time ABR service. the
present contro} can be implemented for real time and non-
real time services

To simplify the design of the contreller, suppose thal there
is a single source at stage one with infinite backlog (i€, 1t
can always fill any available link capacity) Let E(n) denoie
the rate computed by the controfler at ime n In this case,
R{n) is also the flow raie from stage one 1o slage two {or the
single source Let e(n)=Q(n)-Q, denote the error between
the queve length at time n and the target gueue fength Q,
The geperal form of the discrete-time PD controller is as
follows:

E{ml)=Ef)-ue(iage(n-1)- . -o dn-wp-P.E(r)-
BE(n-1)~ =B El(n—v) (1)

where o, 1=1, u and B, i=1, ., v are real-valued
coefficients For the DRC scheduler it is preferable 1o use a
simple two-parameter filter.

E{ns1pf{m)-agen)-a,e(n-1) (2

Thus, the controller is simplified, allowing for speed up of
rate shaping.
4 3 Overload Conirof

The closed-loop controller adjusts the rate E(p) such that
the error e(n)=0(n)~Q, decieases in absolute value.
However, the dynamics of the aggregate input traffic R(n)
may be faster than that of the closed-loop controller. The
queue lengih, Q{n), m the second stage may grow to a farge
value before the closed-loop controller can bring it close 10
the target value Q, This is caused by connections which
transmit al rates significantty larger than their minimum
guataniced rates M;. A large value of Q(n) can adversely
affect the delay performance of connections which are
transmilling al rates close to their minimum rates. Since the
response time of 1he closcd-loop controller may be too slow
lo prevent overload at the second stage of ibe scheduler, in
the prefesred embodiment a separate overload contiol
mechanism is provided.

When the second slage buffer exceeds a certalp shape
threshold, & feedback shape signal is transmitied to the DRC
scheduler. This shape signal causes the scheduler to shape all
guenes at their guaranteed minimum raies, M, and stop
distribution of unused bandwidth. This action provides a
quick overload control mechanism allowing relief of con-
gestion. Unlike the prior art backpressure signal, the novel
shape signal has the important property of allowing the
queues to transmit at their guarantced minimum rates in the
presence of congestion. Stll, a stop backpressure signal
which forces all queses o stop all cell transmission 10 the
second stage queve may also be used.

More specifically, in the prior art the simple stop/go
backpressure conlrol mechanism results in ap equalization
of throughput for all gueves; ie, each quene will achieve a
throughput of C/N. Moreover, the frequent occumence of
stop/go sigpals introduces cell delay variation (CDV) which
can adversely affect the QoS experienced by real-tims
connections Therefore, in the preferred embodiment two
signals are used: shape signal and stop signal The shape
signal threshold is sei lower than the stop signal threshold,
and allows relief of congestion while permitting transmis-
sion at the guaranteed minimumn rate. The stop signal
threshold s set very bigh so that. because of the nse of shape
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signal, the stop signal would be aclivated very rarely That
is, the siop signal would serve as a last resorl pressure relief
valve
4 4 DR Scheduling for the Large Swilch
441 Single-loop Feedback

In the input modules of TG 2b, cells are buffered in
queues according 1o raffic cJass and destination oulput port
of the core switch module {horeinafter such an arrapgement
is designated as classfOP queue) Let (i,j,1) denote the quene
corresponding to cluss i and destination output port j ininput
module } (when the input module is obvicus by context, we
will sometimes use the abbreviated notation (ij) to refer to
a pariicular queue within the Inpul module). Each ¢lass/OP
quene is regarded as a virtual source whose flow rale can be
controlled. The connection admission control (CAC) algo-
rithm provides the switch with a guaranteed minimum
service rate for cach queve The value of this minimum rate
is determined by 1he QoS objective of the class, the number
of admitted connections and their iraffic characteristics Fet
M, denote the guaranieed minimum service rate for queve
{i,) The input module scheduler must ensure that each
input module quens achicves a throughput greater than or
equal to 1he guaranteed minimum rate For real-time trafhc,
1he throughput guaraniee must be provided on a selatively
fast time-scale. While pon-real-time traffic must also receive
the mintmum guaranteed throughput, the gharantee can be
provided on a slower lime-scale

The sumn of the minimum rales must not exceed the line
capacity at cach outpul port and at each input module; te .,

Z My =C
id
for each OP } and

ZMU’;EC

i

for each TM 1 The rate guarantees can be satisfied by
slatlcaﬂy rate shaping lhe queune flows, according to the
minirum rates. However, as explained above, under a static
scheduling discipline a queue can never Iransmit at a rate
higher than iis assigned minimum rate, even if bandwidth is
available at the output port bottleneck. The static discipline
is pon-work conserving with respect lo the outputl port
bottteneck (ie , a cell time at ap output port may be lefl idle
even when there is an inpi module queue with cells to send)
and there is no statistical multiplexing between quene flows.
Note that statistical multiplexing does occur between con-
nection flows within a queue flow

To achieve statistical muliiplexing between queue flows,
it is preferable 1o use the dynamic rate control (DRC)
scheduling. At output post j, which is a potential bottleneck,
an excess rate E; is computed based on the traffic utilization
at the output port and quene lengih information at all input
module queues corresponding to destination OP; The
method for computing E; will be discussed in secl;ou 6
below. A dynamic rale, R,ﬂ is assigned to queue (ij,l})
according to:

Ry=MupwiN £,

where w, is a pre-assigned weighting faclor associated with
class i and N, represents the nomber of active conmections
associated WJEh queue {i,j,]). For real-time connections, Ny;
is simply the number of connections assigned to quene (3,51}
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Tor non-real-time conpections, Ny is computed as an esti-
mate of the number of active connections assigned lo queue
{i.J,1}, since some actual conneclions may sit idle. The value
of wis a policy decision made by the multiclass CAC. Thus,
1he rate R ;; consists of a slatic past determined by the CAC
MU,, and a dynarnic parl w,N,F; The static part provides the
minimum rate guaranlee, wh]]e the dynamic part allows
queve Rows 1o uiilize any unused bandwidih at the oulpul
pori botileneck in a fair mannes (determined by the weights
w) and without overioading the botleneck

DRC scheduling is also applied analogously to the cutput
module quene schedulers. In 1he outpul modules, cells are
quened according to traffic class and oulpul line Using
similar notation 1o that introduced earlier for input module
scheduling, let {i,3,1) denote the quewe corresponding to class
i and destipation output line j in output module OM, The
dynamic rate, Ry, assigned lo gueue {i,i,h in OMLI is
determined according to

R gf:f‘?-,r* WN ,E ¥
where M,, is the minimum guaranteed rate for quene (1,11},
N-}T is the mumber of active connections assigned 10 queue
{13 ), and Ej is the DRC rate for bne j in OM,.
4472 Dual-loop Feedback

In section 4 4.1, the DRC rate E; is compuled based on the
bottlencck at outpui post OF, and used in the computation of
rates Ry, as discussed above A second bottleneck is at the
output huc of the cutput module due to rate mismalch. If an
outpul line gets overloaded, quetes in the vatput module can
grow, leading 1o celf loss and undenutifization This problem
can be allevialed by queveing cells at the input module
according 1o output line within an outpul moedule, as exem-
plified in FIG. 2¢ More precisely, let {i,j%,]1) denote a queuc
in an input module corresponding to class i, destination
output module j, destination oulput line k (within cutput
module ), and input module 1. The aotation (1,).k) represents
2 quewe of class 1 in destination OM, and cutput line k Ju this
scheme, the pumber of queues in the inpul module increases
by a factor of L, where L is the number of output lines per
output module We shall briefly discuss how DRC can
further improve switch performance in 1his case via the
addition of a sécond feedback loop from the input modult o
ibe output line bottleneck.

In the scoond feedback loop, a rate, By, s computed based
on the number of cells queued at culput line k in OM,. That
is, E;j; 1epresents the free bandwidih available at the bo%i]c
neck correspondmg to output line k in output module j. The
rates By, canbe conveyed to all IMs and vsed to compute the
dynarmc rate, R, for queue {,j.k.1) as follows:

Ro=Myrtw, min {EE;}.
where M;;,; denotes the Guaranteed roinimum rate for guene
(.11} By compnting the dynamic rate in this way, both the
bottleneck at oulput module j and oulput hine k {(in output
module 7} are rate matched

In effect, the dynamie rates controlting the IM queves are
computed based on two feedback loops: the first extending
to a given ouiput module and the second extending to 2
given outpui line within the outpul module . Fhis keeps the
quenes in the output module small, while maintzining high
wtilization ‘Thus, most of the cell queneing is moved to the
inpw module iz a cortrolled manner by the DRC mecha-
nism

5. Design of the Scheduler
51 Rate-based Scheduling

In each cell time, the IM scheduler determines the next
quete from which a cell can be transmilted to its destination

S —



US 6,324,165 BB1

15

OF In the DRC scheme, the scheduling is based on lhe
values of dynamically computed rates for each quene Given
these dynermic rates, the IM 1mplemenis a two-siage algo-
rithm 1o determine the next gqueue 1o serve:

Stage one: Virtual rate shaping

Stage two: Service scheduling

Virtual rate shaping and service scheduling are discussed in
detail in subsections 5 Z end 3 3, respectively

We shall identify a quene with the nolation (3,). standing

for class 1 (1=9, .7y and destination OF, (5=0, 15)
Associated with queue (i,)) are the following quantities:

TS,: tmestamp This is stored in a 20-bit register with a
12-bil integer parl and an 8-bit fractional part. The
timestamp is updated whenever the quene is scheduled
or rescheduled for service TS, is initialized to zero

AQ,: actual queue size This is the number of cells stored
in queve (Lj) AQ, is incremented whenever a cell
arrives 1o queue (1)) and is decremented whenever 1be
scheduler chooses queue 3 1o be served in a given cell
time AQ, is stored in a 16-bit register and is initialized
lo zero

VQ,: virtual queue size. This is the number of cells stored
in the virtual quee for quene (1,j} V@ is stored in an
8-bit register and is initiatized 1o zero In the preferred
embodiment, VQ,, is never incremented beyond 255

WE,: wraparound flag This is a two-bit flag which
indicates the cycle of the current clock 1 s indtialized
o one

M mimmum guaranteed rate This quantity is provided
by the CAC and 1s stored as an imerval, M,

J;: interval for mimimum guaraniced rate

This is the inverse of the minimum guaranteed rate, M,

for queue (i,j), stored as a 20-bit munber in memery with a
12-bit integer part and an 8-bit fractional part.

E; DRCrate The DRC rate is computed at OP j based on
the global virtual queve for OP j This value is not
stored in the IM.

w,: weighting factor for ¢lass i. This is 8-bit integer used
in the computation of the shaping rate R;;

R computed shaping rale: This is the rate computed by
the DRC algorithm for shaping the traffic of queve (i,j)
Its vahue is stored in the form of an interval, 1;

17 interval for computed rate. This is the mverse of the
rate, R., computed by the DRC algorithm for gueue
(i)

P,: scheduling prionity This is a one-bit flag. Py=1

indicates that queue {1,j) has priority for finding the next

cell to schedule to the viral gueue

PV,;: service priority from virtual queue. This is 2 one-bit
flag. PV =1 indicates that quene (i,j) has prionty for
finding the next cell 1o service (transmit to OP) from the
virtual quene

S, shape signal. When this signal is set, queue {1,3) is to
be scheduled at Ihe MCR rate The signal S, is set equal
1o one under the following conditions:

1 Quente (3,7} is of type RT and the shape RT signal is
set 1o one.
2 Queue (i,j) is of type RT and local V(Q count exceeds
a threshold Z,VQ,2Thyg
3. The product N xWxE=0.
Mote that NRT traffic is shaped only in case 3

N;: mumber of active VCs. For RY gueues, this number is
simply the number of VCs as recorded by the CAC,
since they are all presemed active. For NRT queues

it
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which may idle for long periods (i e, UBR and ABR),
the number of active NRT queues is estimated via a
covnting mechanism to be described in Subsection 5 5.
} should be noted that although in the above described
preferrcd embodiment the imeslamps are assigned per
quenes, it is also possible to perform rate shaping by
assigning timestamps per cell In such an embodiment, ail
ceils having limestamps equal or less than the current tlime
CT would be eligible for service
Current Time and Wraparound
In each IM there is a 312-bil counter CT which stores ibe
current lime, where each time tick is one cell time at 24
Gbps Te., 175 ns One cydle is defined as 2% cell times. or
the time # takes unti] CT wraps around  starting from CT=0
Whenever CT wraps around, the WE; flag for each queue
(i,j) is incremented by one if WF,<3. This operalion can be
done in a single cell ime . Together, the timestamp TS, and
the flag WF, indicale the vatue of lime mainiained for quene
(i.)) with respeci to the current time. The meanings of the
four possible vatues of WF are summarized in the Table 2

IABLE 2

Values for WF

WE Meaning: ¥5; 15 . - -
9 one cycle shead of CT
1 in same cyele as CF
2 one cycle bekind CT
3 at leasl two cycles bebind CT

The value of TS, wgether with WF; makes it possible to
determine the relative vakues of the queune imestamp and the
current time even when wraparound occurs

5.2 Virtual Rate Shaping

Vinual rate shaping is based op a timestamp, IS,
zssigned to each queve (i,j} The timestamp TS;; is updated
such that the flow rate of queus (1,]) ts limited 1o eilber R,
or M. The dymamic rate R, is used in the iimestamp
computation if no congestion conditions occur (see below),
otherwise the minimum rate M;; is used. I the minimum rate
is nsed in the tiznestamp compulation for queune (i), then the
priority bit P is sel to one.

Any guene with a timestamp which is less than or equal
to the cureent time is considered eligible The current ime is
a free-mupning clock io which the interval between clock
ticks is equal to ope cell time During each cell time, the IM
scheduler selects the next eligible queve with pricrity given
1o quenes (i,j) which bave the priority bil P,; set to one. Once
an eligible quene, say gueue (i), 1s sekcted, the virheal
queue cotnter V€, is incremented by one The virtual queue
counler counts the number of cells that are eligible for a
queue but have net yet been transmitted Let AQ,; denote the
number of cells in queve (i,j)- If there are still cells in the
active quene which have not been scheduled in ihe virtual
queus, 1¢ , if AQ,»>VQ,, then the timestamp TS, is updated
10 reflect when the next cell in the actual quene should be
scheduled ‘The timestamp is also updated when a cell arrives
10 an emply quene {1,])

The scheduling algorithm sets the priorty bit Py usder
two conditions:

1 The timestamp IS, bas fallen behind the current time

by more than 1/M;
2 N is necessary to shape the queue flow at the minimum
guaranteed rate, My, in order lo conirol congestion a
OP;
Case 1 oceurs beeause the Tocal IM scheduler is unable 1o
keep up with the trafic and the compuled shaping rates.
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Since it takes time for the raie computalions 10 converge to
the appropriate rate, it may happen that 1he nstantaneous
sum of shaping rales at the IM scheduler may exceed the hine
rate C.ie.

ZRU,\C
p

If this condition occurs, mulliple quenes may become ¢li-
gible in the sarne cell fime

In case 2, the gueue is scheduled upder shape mode, ie,
the quene service rale changes from Ry to M, Shape mode
is invoked under the following condibions:

1 The gueve is real-time and either a shape or stop signal
from the OF is in effect
2 The queue is real-time and the ocal sum of V() counts
for the destination OF exceeds a threshold.
3 The computed dynamic rate R equals the minimum rate
M
The first two conditions indicate lhe occurrence of con-
gestion for real-time traffic at an output port Switching to
shape mode quickly alleviates such congestion, whle main-
taining the minimum rate guarantee Giving prority to
gueues cperaling in the shape mode ensures that their
minimum rates will be gnaranteed. When an eligible queue
{ij) is selecied by the stage one scheduler, its virteal quene
counter Yy is incremented by one. If the priosity bit P is
set to one, then the stage wo priority bit PV, is set to one.
When a cell armives 10 an emply gaewe {ij), the guene
becomes cligible for service and the timestamp TS; must be
recomputed to reflect when the gueue should next be served
This process is called scheduling After the stage one sched-
uler chooses a quene {i,j). the virteal queue counler VQ;, is
incremented by one . If there are still cells in the active gueue
which have not been scheduled in the virtual queas, ic., if
AQ,>V(,, then the timestamp TS, should be updated to
reflect when the next cell in the actual queve shonld be
scheduted This process is called rescheduling.
Scheduling
The algorithm for scheduling is depicted in FIG. 7 in flow
chiart form. In step $700, when a cell arrives at quéue {1,j),
the counter AQ; is incremenied by one (the notation ++ is
used to indicale an increment by one). In siep $710, it is
checked whether AQ;-VQ,=1 H so, then the queue is
eligible 10 be scheduled and the process continues 1o step
8720 Otherwise, the routine terminates at step S725
The variable CCT is a 14-bif integer variable which stores
the valve of the current time relative to the tmestamp TS,
Note that WE, is initialized to one Referring to Table 2,
observe that if AQ,-VQ,=1 then necessarity WF;Z1 In
step $720 CCT is computed as

CCT-CTH{WF - 1)2<12,

where << denotes the binary shift left operation (e, mul-
tiplication by 2°%)

The next step in the scheduling algorithm is to compare
CCT with the 13-bit integer TS +IMY" In step S730 if the
condition

CCT<TS; Jy (&)

is false, then queue (i,]) is considered to be running late, 1.¢,
it is behind the current lime by at least one interval at the
mimimuimn gnaranteed rate (J,) Hence, the routing proceeds
1o step $740 wherein the prionty bit P is set 1o one, since
{he queue traffic is conforming to its minimum gnarameed
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rate. Then, in step $750 queue (1)} is scheduled at the current
fime CT, ie, ’ISI-J.:CT
However, if (3) is true in step S730, the rovline would
proceed 1o step S760 to check on the value of 5, The queue
will be scheduled at either the minimum guaranteed rale.
M, or the computed rate, R, depending on ibe value of §;
Tf 1n step S760 S;=0, ¢, the OP is not overloaded, then
queve (ij) is scheduled at the compuled raic, R, wilh
priority P,=0 in step 776 In this case . if the coadition
CCT<TS (4)

i

is false in step S780, the routine proceeds to siep S750 and
the queve is scheduled at the current time CT Otherwise, the
timestamp is updated at step S790 as

T52T54y

If §;=11n step §730, e, the OP is overloaded, then queve
{i,j) is 1o be shaped to the mipimun guaranteed raie and
given priority P,=1 (step 775). In this case, in step §795 the
timesiamp is updated according to

T5.=T5,47,

Also, the wraparound flag WF,, may peed to be adjusied

appropriately in step $755

Rescheduling
The rescheduling algorithm is shown in FIG. 8. The

algorithm aftempls {o serve and (if necessary) io reschedule

queues which have past their conformance times with
respect to the current time CT. In this context, 1o serve quene

{i,j) means to increment jts virtual queue counter VO, by

one. The algorithm perfonns a round-robin search of the

quenes (i,j) with priority given to queuves with P,=1,ilerating
over the class 3=0, . . . ,7 and then the destination OF
=0, ,15. While pot shown in FIG. 8. This can be done

in two passes. The first pass atlempis lo find a queue {1,j}

with F,;=1 and the priority bit set, e, Py;=1 H ihe first pass

fails, then a second pass is executed to find a queue with

Fy=1 The rescheduling algorithm is run until either all

guenes have been examined or a time-out pccurs, indicaling

the end of the cerrent cell time.

- The condition Fy=1 is true if and only if 1he followiag

hold:

I.AQ,}>VQU. This means that there is at least one cell in the
actual quene which has not been scheduled in the virtual
queue.

2. VQ,<FF (hex). The counter VQ; is an 8-bit counter which
stops incrementing when VQ,=FF {hex). Therefore, a
maximum of 256 cells can be scheduled in 2 virtual
quene 1If this limit is reached, then the queue musi be
bypassed for rescheduling; the virtual queue counter
cannot be incremented beyond 255. Note that if the limit
of the virtual quene counter is sei to 1, this | effect
disables the virtual queue. The scheduler will still perform
rate shaping, but the rate computation must nol be based
on the global viriial queve size

3. WF;Z2 or (Wh=1 and 15,2CT) If this condition is
true, then quene (1,5} has passed its conformance time; i.e
TS, represents a point in time which is earlier than the
current time as recorded in CT.

If an eYigible quene (1,7} is found in the round-robin loop, the

pext action is 1o increment VQ,; by one (S820). The virtual

quene priority bit is updated according to (S820):

PV =maxil . FVy)

Thus, PV, is set to one if either it was already set to one or
P; is set.
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Next, if AQ >VQ, {S830), the queue needs to be resched-
vied (5840) Olhsrw:se no rescheduling is necessary
(5815) In the rescheduling step, a lemporary vanable CCT,
is computed as in the scheduling zlgorithm (cf T16. 7):

COT=CT+{WF ;- D32

if CC’?-:TS,,}JJU” is false, them gueue (1)) is considered
running belnd the current time ($850) Therefore, in order
1o catch up with the current time, the queue is scheduled at
the minimum guaranteed rate, My, with the priority bit, P,
set equal 10 one (steps S865 and 5875) Otherwise, 1if
CCT<TS;+], is trug, the value of S; Is tested in step 5860.
If S;=0, lhe quena is scheduled at lhe rate R, with P=0
(slepq S870 and $880) Othurwise, the routine procecds o
steps S865 and 5875 and the quene is scheduled at the
misimum guaranieed rate wilh priority Py =1
When TS, is updated by adding Lo it either J, or 1, 2
overflow bit, 7 . resulis. I Z,=1, the timestarep TS, has
advanced to the next cycle, hence, WE; should be decre-
mented by one. Otherwise, WF, remains unchanged Thisis
accomplished in step 5§96
53 Service Scheduling
During ¢ach cell time, al most one cell is transmitled fror
an input modale onto the core TDM bus to its destination
culput porl As shown in FIG 9, the queve from which to
send the cell is determined by a round-robin with priority
search based on the pricrity bits PV {step S960) In the
slage two scheduler, a queue is considered eligible for
service if VQ,>0 and the destination OF puffer for the quene
s not in the slop mode If an eligible queue is found (yes in
slep $900), the fisst cell in the quene is transmitted over the
TDM bus {slep $910) Alsa, in step S910both VQ,; znd AQ,,
are decremented by one and the virtual queue pnorlty b}t
PV, is reset to Zero Recall that the value of VQ,; indicates
the mumber of cells that are ready for scrvicing
54 High-leve]l Hardware View
FIG. 10 shows a high-level view of the kardware for
carrying out the scheduling operations. The main compo-
Rents are:
1 Starage for the timestamps IS, These can be imple-
mented in the form of a plurality of registers 100
2 Array of comparators 110 The comparator associated
with queue (i,j) compares TS5, and CT
3. Storage for the actval quenes AQ,,. This can be imple-
mented as an array of counters 200
Storage for the virtual guenes VQ, 130
Block 135 which performs priority round-robin (PRR)
with respect to the outputs of the comparators (virtual
rate shaping)
6 Block 145 which performs PRR with respect to the
virtual quenes (service scheduling)
7 Compute engine 150
8. “Stop/shape/go’ signals from the core switch.
The PRR 135 for virlual 1ate shaping uses the priority bit
Pi for quene (i,j). The virtual rate shaper looks for a quene
(i3} with T8, =CT with prionity given to quenes with P,=1
fAQ, >VQ, » the virtual queve, VQ, is incremented by one.
The PRR 145 for service scheduling serves the virinal
queues with VQ,>-0 in round-robin fashion with pr;omy
given to those qucucs with PV,=1. Viriual quene (i)) is
eligifle for service ooly if lhere is no stop signal corre-
sponding o the destination output por j
The compule engine 150 dynamically updates the rates
according to the DRC scheduling. The rate R is computed
zccording o
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RinMoptn N E, {5y

based on:

Information from the CAC:

The minimum guaranteed rate M,

The class weight w,

Stop/gofshape feedback from the core switch module

The estimated number of active connections, Ny, associ-

ated with queue {i,j)
The excess rate E. carried in IRM cells from output
module j.

The compute engine also updates the limestamps IS
according to the scheduling end rescheduling algorithms
described in subsection 52
55 Estimating Number of Active V(s

The number of aclive VCs, Ny, for queue (i) is used in
the computation of the rate R and in the ER values which
are compuied al the output modules. For real-time
connections, the mumber of active VCs is iaken to be the
number of VCs which have been accepted by the CAC
algotithm. For non-rezl-fime connections, such as UBR and
ABR, the number of VCs accepted by the CAC may be far
greater ihan the actual mumber of VCs active at a given time
This is because non-real-time VCs generally do not pay for
guaraniced QoS and hence may be idle for long periods of
time.

Fhus, » method of eslimating the mumber of VCs for
non-real-ime traffic is eeded. For the 40 G swilch of the
preferred embodiment, a simple VC table lookup method 1s
vsed. The 1able consists of a one-bit entry (initizlized to
zero), along with a queve identifier (i), for cach non-real-
time VC Time is divided inko intervals of length Ts. When
a cell belonging to VC k arrives in an interval, if the
corresponding table eatry is a zero, the entry is sel and the
count N, is incremented by one Otherwise, if the table entry
is already set, Do action is taken At the end of the interval,
N,; represents ap estimate of #he number of active V(s over
the interval Before the start of the next interval, the counter
N, are ail cleared, A smoother estimale of the namber of
acnve VCs is obtained by exponential averaging:

ri{n):s_?\,',-;{n)f(l—()N;J{MJ.I}.

where €e (6,1).
G Rate Computation
61 DRC Rate
6 1.1 Single-loop Feedback

The general structare of a single feedback loop is depicted
in FIG. 2b The rate values E; (corresponding 10 oulput
module 3} and E (correspondmg to ouiput line j) for DRC
schedubng at lhe IM and OM, respectively, are computed
once every 0.5 ms (see section 4). We shall explain how the
DRC rate E is computed; E is computed in a similar fashion.
FIG. 1} shows a flow chart diagram for the computation of
the DRC scheduling rates. In FIG 11, E(n) denoles a generic
DRC rate value computed during the nth (¢ 5 ms) sampling
interval. The symbol VS(z} denotes the sum of tbe virtal
queue sizes corresponding to the bottleneck point. For the
DRC valve E,, VS(u) represents 1he sum of all virtual quenes
destined to outpul port J over all imput modu]es Similarly,
NS(m) denotes the total mumber of active YCs destined 1o
output zedele § over all input mocdules For DRC value E;,
VS(n) represents the sum ot all virtual queues corresponding
1o output module j, output line k. In this case, NS(n) denotes
the number of active VCs in output module j destined for
output line k

A closed-loop proportional-derivaiive controller is used to
compute E based on observations of the aggregate virtual

g e s et
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queue length at the OP bottleneck When the OP channel
ntilizalion exceeds a value Uy(=95%, see step S1110), the
controller adjsts the value of E so as io mainlam the
aggregate virnal gueue lengih corresponding lo the OF
bottleneck close to a targel value Ny When the OP channel
utilization les below Uy, the controller adjusis E so that
utilization will be brought close to U..

Let C,(n) denote a count of the sumber of cells observed
al 1the cutpul of the OP during the nth scanning interval
C is the number of cell times during one scanning interval
the utilization at the nth interval is computed as U(m)=Cr
{0)/C (step S1100) Let V() denote the sum over alj IMs of
the virlual queue lengths corresponding to the OP during the
nth intervai 1f U(n)>U,, tbe error is computed as

D(H)=Vim)-Ng.

where N, is the target aggregate virtual queue length.
Otherwise, the error signal is compuied based on a target
utilization, Co=U,C and the error signal is computed as

DIR)-C Am-Cq

During each scanning interval, the bottleneck rate is com-
puted using the following proportional derivative (PD) con-
trol equation, which altempts to drive the crror to zero (step
$1140):

Efu3)=E()-oDir)-a,D(n-1)

The coefficients o and o, are constants which are designed
1o ensure system stability and fast response time. In simu-
Tation experiments performed by the present inveniors, the
constants were sel 107 a,=1.25, and ¢1,=—0.75. The condition
that the rate must be greater than zero, 35 ensured via the
operation

E{n+1)=max{E(n+1), 0}

The rate value must also be limiled by the bottleneck line
ratc; ie,

Efn+1)=min{E(n+1). C}

The rate is computed in units of [cells/0 5 ms]. The error
signals D{(n}, D{n-1) and the value E(n) are stored as D(n-1)
for the next raie computation (step S1158}
6 1.2 Dual-loop Feedback

Dual-loop feedback requires that cells are queued in the
inpul medules according to owtput line (FIG. 2c). Also,
counters must be maintained of the number of ceils quened
for each cutput line. Let AQ,; denote the number of cells
gueued for output line k in output module j. o this case, a
DRC sate, E;, (comesponding to ouiput hine k Iz ouvtput
medule §, is computed once every 0 5 ms (see section 4 4.2).
The computation of E, is similar lo the cornputation of E;
discussed in the single-Joop case. However, in this case, the
actual gueve size AQ;; is used in place of the virtual gueue
count denoted as VS in FIG. 11. The quene size AQy, is also
used in the compulation of the ABR explicit rate for output
line k in outpul module j as discussed next,
62 ABR Explicit Rate
6.2.1 Ouiput Module Botileneck

For ABR service, the explicit rate (ER) values are com-
puted based on the sizes of the actual ABR-class queves The
method of ABR rate computation described here somewhat
resembles the one developed in the above-cited ABR Ser-
vice article by Kolarov and Ramamurihy, with modifications
10 handie the higher 2 4 Gbyps line speed and for switch-wise
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implementation The ABR rate compulation is also per-
formed once every 0.5 ms. For cach destination op an ER
value, ER=1, ,16 is computed

FHG 12 gives a flow chart for the computation of the
explicit rate ER The flow chan applies to boih the outpuot
module OM bofttleneck and the oulput line botteneck
C,,(n) denotes the mmber of ABR cclls which amrive
during the nth ¢ 5 ms interval In step S1200 the utilization
for ABR duaring the nth interval is computed as:

U {m=Cp {m)C

where C is the tolal number of cel] times in the 05 ms
interval al the bottleneck rate

Let AS (n) denoie the size of the actual ABR quene
corresponding 10 1he bottleneck point (outpel module or
cutput line) for the oib interval. That is, AS(n) is the sum of
the actual queue sizes for all ABR quenes destiped for the
given bottleneck The value AS{n—1) is stozed in memory 1
the difference between AS(n} and AS(n-1) exceeds a thresh-
old (exemplified in step $1210 as 150 cells), this indicates
that the ABR qgueu is growing too quickly and a fast control
must be used Therefore, the IRR filter is called in step
S1215 The IRR filter is also calted if AS(n) exceeds the
threshold T, {sicp S1220) or if the flag F=1 (step S1230).

In step 1240, if it is determined 1hat the utilization of ABR
traffic is less than Ihe targes, the routine proceeds 1o step
1250, Otherwise, the rouline proceeds to step 1245 and low
gain filter is applied Instep 1230, is itis determined thal the
sum of actual ABR cells is less ihan the tow threshold, than
the Toutine proceeds to step 1255 where 2 high gain filter is
applied . Otherwise, the rouline reverts 1o slep 1245 and the
tow gain filter is apphied

T1G. 13 shows iht operation of the IRR filter. The IRR
filter simply sets the FR rate equal to a fraction of the DRC
local rate E. In this case,

ER(n+1)=E(mf2

{step 1310). The IRR filier sets or resets the Bag F according
to whether the value of AS (n) is larger than or smaller than
the threshold T, (step 1320) Note from FIG. 12 that as
long as F=1, the IRR filter will be called This places a tight
control on ABR traffic. Note in FIG 12 that the error signal
1(n-1) is updated and stored even though it is not used in
the IRR filter.

FIG 14 shows the operation of the high gain fiker. The
pain contrel equaticn is:

ER(o Ty-ERm)-aIVS, o {)-0, Dir-THNS s (1-1)

where NS,,,(n) is an estimate of the sum of all active ABR
V(s corresponding to the given bottleneck, weighied by the
ABR class weight W, The values of the filler coefficients
are the same as in the local BRC filter, ie, oy=1 2, &=~
0.75. For the kigh gain filter, the filier coefficients are scaled
by NS,

The routine proceeds as follows. In step 1400 the differ-
ence between the acmal and farget queve length is detes-
mined. In step 1410 the high gain filter is applied using the
difference calenjated in step 1400. In step 1420 D(n) is
replaced by D{(n-1} in preparation for the rext iteration. In
step 1430, taking the max{ER(n+1), 0) ensures that ER(n+1)
is ot negalive; while taking min{{ER(n+1) E(n)} ensures
that ER{n+1) is not longer than the Jocal DRC rate E(n) I
step 1440 211 the ER values are shifter in tine

1n the Jow gain filter (see FIG . 15), the control equation
is:
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FR(+ D=ER(n)-cr D) 0, Din=1)-BoE R{i}- B,ER(n=1)-
- BuoER(A-10) (8
Note 1hat the coefficients are not scaled by NS, for the low
gain filter. The coefficient values for the low gain hlier are

given in Table 3

TABLE 3

Coeficient values for low zain ABR filter
Coethicient Vahue
oy 80627
@, ~00545
i 0.8364
B, 10955
i 00545
Bx 00136
8, 00273
s -00682
Be -01091
. _0.1500
i -01509
Bg -0 2318
fio -02727

The routine for the low-gain filier is identical 30 to that of
the high-gain filter, except that the pain equation 1s different
Therefore, 1he explapation of the routine of FIG 15 5
omilted herein
6 3 Transmission of Control Information

Al DRC rates and ABR ER rale computaiions are per-
formed at thc respective OMs During each scanning
interval, each IM sends quene lengih information lo all the
OMs This information js transmitted via special controi
cells called internal resource management (IRM) cells.
These cells are generated by the IMs and copstitute contrel
signaling overhead

Based oo the gquewe length information each OM j
compules a DRC rate, £, for local control, apd an explicit
eate (ER), ER,, for ABR souzce conirol The ABR ER vahie
is trapsmitied 1o the remote ABR source via resource man-
agement (RM) cells traveling towards the source.
Analogously, IRM cells generated by the OM are used 1o
carry the DRC rate Information lo the IMs
7 Buffer Management

Operaling in conjunction with the scheduler, each 1M and
OM contains a guene manager which is respoasible for
buffer allocation. In the large switch archilecture accerding
to the preferred embodiment, the OM buffers handle con-
gestion arising from contention at output line bottlenecks,
while the 1M buffers handle congestion atising from con-
{enticn at the OP botllenecks. The queve managers in the IM
and OM are independest but have similar architectares. Fhe
cell buffers in the IM and OM are shased among alt queunes.
with Kmits on maximurm queue size

Each queue has pre-assigned cetl discard thresholds based
on the traffic class and QoS requirement The discard thresh-
olds are listed as follows in increasing order of size:

Drop CLP=1 celis

Farly Packet Discard (EPD} Drop cells belonging to the

pew packet

Partial Packet Discard (PPD). Drop alt cells.

The queue manager drops CLP=1 celic iz any queuve flow
which is being shaped to the minimum guarapteed 1ate In
this way, CLP=0 traffic reeeives the minimmm puaranteed
rate.

3 Performance Evaluation

The primary goal of DRC scheduling is to match bottle-

aeck rales in Lhe switch so as 1o meel the twin objectives of
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preventing congestion while maintuining high efficiency In
addition. it distributes the unused bandwidth in a fair manner
between competing classes In this seclion, we present some
representative simutation results lo hightight the main per-
formance characteristics of DRC scheduling m the switch
design
8 1 Convergence of Rate Conirol

Consider a switch loaded with two flows destined Lo the
same output port OP 1 on the core swikch module (see F1G
16).

1 A CBR flow on 1M 1 with constant ippui rate 0 58 and

minimum guaranteed rate M =06
2 A UBR flow on IM 2 with constant input rate 9.9 and
minimmum guaranteed rate M. =03

The UBR fiow is misbelaving wilh respect 10 its minimum
gnaranteed rate. This may occur, since UBR sources are not
policed al the network edge In contrast, the CBR source is
actually transmilling at less than its minimum guaranteed
rale,

The DRC rate for Bow i is computed as R=M3E, where
E is the available unused bandwidth computed via closed-
loop control At time 0, the system is empty, s0 initially E=1.
Thus, when the two flows arc furned on simultaneously at
time 0, each flow can initially lransmit al the Hne rate; 1€,
R{07)=1,1=1,2 At time =07, the aggregate flow rate to OF
1is 1.48 Hence, the buffer at OP 1 buitds and the global
virtual queve forms at the inpul modules. The DRC mecha-
nism reacls by decreasing the DRC rale E

FIG. 17 shows a plot of the flow rate R, {I) Observe that
the rates converge relatively quickly (in about G ms) to
steady-stale values The CBR flow uses 2 bandwidth of 058
The UBR flow supplies 1M 2 at the 1ate 0 9, but i§ goaran-
teed a throughput of only 03. Hence, the comect value for
the DRC rate [, is 0.12 Hence, the rates converge as:

R (D—0 72
and
R,(H—0D 42

Note that although the CBR flow is permitted to transeit to
OP 1 atrate 0.72, it eers IM 1 at 1he rate 058 On the other
hand, the UBR flow is shaped a1 IM 2 to the rate 0 42 UBR
cells will be dropped at the IM afier the cell buffer capacity
is exceeded.
& 7 Real-time vs. Non-real-time Delay Performance

To examine delay performance, we medify the above
example by replacing flow 2 with a UBR flew having
random on-off periods. The on and off periods are exponen-
tially distributed with means 8 and 12 [cel} times], respec-
tively. During an on period, Sow 2 trapsmits cells 1o IM 2 at
a constant rate 0 03 Hence, the mean raie of low 2135 0.372.
Also, we shall set My=0 38. The delay metrics obtained from
the simulation run are shown in Table 4. The mean delay is
given in units of celi times, together with the corresponding
08% confidence intervals. Observe that the CBR flow expe-
riences very hitle delay and delay jitler

TABLE 4
Delay performance with CBR flow 1 and UBR
flow 2,
Delay Meiric [celi times}  CBR flow 1 EBR flow 2
mean delay 090 = 0.066 254071
sid dev defay 203 909
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TABLE 7

Delay performance with CBR flow 1 and UBR

Delay result under DRC scheduling,

flow 2. P
7 Delay Metric
Delay Metric [cell Bmes]  CBR flow ) UBR flow 2 fcell times} Flow 1 Flow 2 Flow 2
mean interdepariure 151 =813 1631811 mean delay 780 = 368 256 = 362 349553
std dev interdepartuie Q67 428 sid. dev delay 3324 33.82 63 40
mean interdepariue 157-01 24 =034 211 016
) . 10 s, dev 102 200 314
Now cansider the case when flow 13s changed from the interdeparture
CBR clzss to 1he UBR class As a UBR flow, flow 1 will be
buffered in the non-realtime buffer of OP 1, along with flow
2 The simniation results for ihis example are given in Table )
5 Observe that the mean delays of both flows in Table 5 15 TABLE 8
have increased with respect lo the comesponding delays 1o Delay sesult ander stalic prorily schedulipz.
Table 4. Nole in particular, that all of the delay metrics of Delay sesull neder sl pRopy Soes
fow 1 as a CBR flow are markedly better than the corre- Delsy Metric
sponding metrics as a UBR flow. This example serves 1o jcell times] Flow 1 Flow 2 Fiow 2
d e sl 1 ¥ i
erfm;’mﬁ:_l 'hf mer ?é““%ze” Q]DS Lomr?ﬁl which the ety 105:181 1205174 335z033
walc' archilecture provides for real-ime irafhc over non- aid dev. delay 26.48 1043 772
real-time traffic meen interdeparture 1562011 1922014 157201
sid. dew. 209 368 394

TABLE 5
Delay performance with UBR flow 1 and UBR
flow 2.

Delsy Meatsic fcell times] UBE flow 1 UBR fiow 2
mean delay 179 =042 1592022
sid. dev. delay 50 392
mean interdepartsre 15013 162012
sid. dev. interdeparture 103 4326

2 3 DRC vs Static Prionty Scheduling

FIG. 18 shows a switch joaded with three on-off type
fows The specification of the ihree flows is given ip Jable
6. Fach Bow is associated with a trafiic class, mean on and
off periods, a rate during the on period, a source input
module, a destination oulput module and a minimum guar-
anteed rate (for DRC)

TABLE 6

Specification of three flows.

Flow Mean On

No. Class Mean On Off Rate IM OP M;
1 RI-VBR 12 8 G9 1 1 065
2 Nrl-VBR 8 12 093 1 2 03
3 Ri-VBR 7 13 093 2 1 033

Fiows 1 and 3 are real-ime VBR flows, while flow 2 15 a
non-real-time VBR flow Farther, flows 1 and 2 compete for
service at IM 1. In this example, we are interested in
comparing DRC scheduling with static prierity scheduling at
IM 1. Static priority gives strict priority to real-time VBR
flow 1 over non-real-time VBR fiow 2. Clearly, flow 1 will
achieve the best delay performance wader this scheme.
However, this may have an adverse ¢ffcct on low 2. DRC
scheduling provides a compromise by providing rate guar-
antess o both flows.

The delay resalis for DRC and static priority scheduling
are shown, respectively, in Tables 7 and 8. Observe that
under static prority, flow 1 experiences small delay
However, the defay of flow 2 is relatively large. Under DRC,
the delay performance of flow 1 is compromised to a small
extent, while the delay performance of flow 2 is improved
significantly.
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igterdeparture

As can be seen from lhe above description, the inventive
swilch efficiently serves cell sireams having different QoS
requirements Additionally, the inventive switch efficiently
multiplexes unicas! and multicast iransmission, using an
efficient priority scheme Using buffers at the input, the core,
and the output of the switch allows work conservaiion
without exacerbation of loaded bottlenecks Additionally. a
shape feedback signal is used to temporarily stop work
conservation in order 1o alleviale lemporary congestion
while ensuring the guaranteed minimum rate

What is claimed is:

1. An ATM switch capable of supporting streams of
different classes baving various quality of service
requirciaents, CoOMprising:

a core swilch comprising:

a TDM bus;

a plurality of input ports connected to said 1DM bus;

a plurality of output buffers connected to said TDM
bus;

a phurality of cutput ports conpected o respective
output buffers; and

a mullicast output buffer conpected to cach of said
outpui ports;

a plurality of input modules connected to ipput side of
said core swilch, each of said input modules compris-
ing:

a plurality of output port planes corresponding to the
pumber of said cutput ports, cach of said output port
plapes having a plirality of input buffers;
an input module scheduler for scheduling ceils ia said

input buffers;

a plurality of output modules conpected to output side
of said core swilch, cach of said output modules
COTnprising:

a plurality of outpul line pianes, each aving a plerality
of cutput line buffers coupled to an cutput Jiae;

an output module scheduler for scheduling cells in said
output buffers.

2 The ATM switch of claim 1, wherein each of said
outpul buffers of said core switch comprises overflow con-
trol for generating a shape signal when Ievel of cells in a
respective owtput buffer reaches a first threshold, and gen-




